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Abstract 
The preparation of copper matrix reinforced by high modulus carbon fibres (Thornel K1100) as well as the 
microstructure and dilatation changes during thermocycling is presented. Unidirectional composites with two types 
of matrix - pure copper and/or copper alloy with 0.2 wt. % of chromium - were thermally cycled between 30-600 °C 
three times. The composite with pure Cu exhibited larger voids and weak interfacial bonding. Due to the chemical 
reaction with K1100 fibres a reactive interfacial bonding has been formed. During thermocycling the hysteresis, but 
no  large  disintegration  was  observed.  The  coefficients  of  thermal  expansion  (CTEs)  strongly  depend  on  fibre 
orientation. In direction parallel to the fibre orientation in the temperature range of 220-500°C CTEs were very low 
(0.7-1.0x10
-6/K), but in perpendicular direction the CTEs were higher than that of pure copper. 
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1. Introduction 
Thermal  management  deals  with  problems 
arising  from  heat  dissipation,  thermal  stresses  and 
warping.  It  is  critical  in  the  packaging  of  power 
semiconductors  and  other  microelectronic  and 
optoelectronic  devices,  including  microprocessors, 
high-power radio-frequency devices, laser diodes and 
light-emitting  diodes  [1-3].  Thermal  stresses  and 
warpage  in  electronic  components  arise  primarily 
from  different  coefficients  of  thermal  expansion 
(CTEs).  The  increasing  use  of  lead-free  solders, 
which have much higher processing temperatures than 
lead-tin types, exacerbates the problem.  
Semiconductors and ceramics have CTEs in the 
range of 2x10
-6/K to 7x10
-6/K. The CTEs of copper 
and  aluminium  are  much  higher.  Decades-old 
traditional  low-CTE  materials  like  copper/tungsten 
(Cu/W), copper/molybdenum (Cu/Mo), copper-Invar-
copper  (Cu/I/Cu)  and  copper/molybdenum/copper 
(Cu/Mo/Cu)  have  high  densities  and  thermal 
conductivities  that  are  usually  below  that  of 
aluminium.  They  are  recognized  as  first-generation 
thermal management materials.  
When aluminium and copper are used for heat 
dissipation,  significant  design  compromises  are 
typically  required,  which  can  considerably  reduce 
cooling  efficiency.  The  high  thermal  resistances  of 
thermal interface materials can be overcome by direct 
solder  attach,  but  this  can  result  in  high  thermal 
stresses. At present, the key way to work around this 
issue  is  to  employ  “soft”  solders,  typically  Indium 
based, which have low yield stresses. However, these 
solders  also  have  poor  thermal  fatigue  and 
metallurgical  characteristics.  Use  of  materials  with 
matching CTEs allows the packaging design engineer 
to  select  from  a  wider  range  of  solders.  Low-CTE 
solders, now under development, will further alleviate 
the thermal stress problem. 
The  silicon  carbide  particle-reinforced 
aluminium,  commonly  called  Al/SiC,  was  the  first 
composite used in microelectronic and optoelectronic 
packaging in the early 1980s [4]. The first parts cost 
hundreds to thousands of dollars. Microprocessor lids 
using this material now sell for $2 to $5 each in large 
volumes. A key limitation of Al/SiC is that its thermal 
conductivity is only in the range of aluminium and the 
machineability of this composite is very difficult. 
At present, we are in the early stage of the third 
generation of packaging materials. Several of the new 
high-performance  materials  are  being  used  in 
production  applications,  including  servers,  notebook 
computers,  plasma  displays,  aircraft  and  spacecraft 
electronics,  and  optoelectronic  systems.  Ideal 
materials have high thermal conductivities and CTEs 
that match those of semiconductors and ceramics like 
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Si,  GaAs,  alumina  and  aluminium  nitride.  By 
combining  matrices  of  metals,  ceramics  and  carbon 
with thermally conductive reinforcements like special 
carbon  fibres  (abbreviated  C),  SiC  particles  and 
diamond  particles,  it  is  possible  to  create  new 
materials with high thermal conductivities and a wide 
range of CTEs. 
A  new  lightweight  approach  uses  thermally 
conductive carbon fibres that, in addition to reducing 
CTE, increase pc board effective thermal conductivity. 
The high stiffness of these fibres also reduces warping 
and increases natural vibration frequency. 
High modulus and high thermal conductivity C 
fibres  represent  a  specific  variant  of  advanced 
continuous  C  phases.  When  combined  with  Cu 
matrix,  composites  with  very  high  thermal 
conductivity  (TC)  and  low  CTE  can  be  reasonably 
expected. 
The crucial influence on properties of composites 
with C fibres depends on types of fibres. The fibres 
with  ultra  high  modulus  (UHM)  are  graphitized  at 
temperature  ~2700°C.  The  biggest  rigidity  and 
strength  of  C  fibres  is  achieved  only  by  full 
orientation of the crystal lattices’ layers parallel to the 
carbons’  axis.  For  example  UHM  C  fibres  Thornel 
K1100  exhibit  at  room  temperature  in  direction 
parallel to fibre axis thermal conductivity 900-1000 
W/m.K  and  negative  CTE  -1.5x10
-6/K,  and  in 
direction perpendicular to fibre axis is TC 2.4 W/m.K 
and CTE 12x10
-6/K.  
 
2.  Experiment 
UHM  Thornel  K1100  C  fibres  with  2000 
filaments  in  one  tow  have  been  used  as  uniaxially 
aligned reinforcement  in  two  copper based matrices.  
 
Tab. 1 
Properties of K1100 C fibres. 
Tensile strength [GPa]   3.10 
Tensile modulus [GPa]  965 
Density [g/cm
3]   2.2 
Filament diameter [µm]  10 
Carbon Assay [%]  99+ 
Surface Area [m
2/g]  0.40 
Electrical Resistivity [µΩ.m]  1.1 – 1.3 
Thermal conductivity in longitudinal 
direction [Wm
-1 K
-1] 
900 - 1000 
Thermal conductivity in transversal 
direction [Wm
-1 K
-1] 
2.4 
Longitudinal CTE at 21° C  - 1.5 x 10
-6 K
-1 
Transversal CTE at 21° C  12.0 x 10
-6 K
-1 
These included binary CuCr alloy with 0.2 wt. % 
of Cr (CuCr0.2) and pure copper with the purity of 
99.99 %. The properties of C fibres are presented in 
Table 1. Gas pressure infiltration was employed as a 
preferred consolidation technique.  
As-received fibres were unidirectionally aligned 
and slightly pressed into a Mo mould forming thus a 
fibrous  preform.  These  rod-like  preforms  with  the 
dimensions 13 x 13 x 60 mm
3 had been inserted into a 
high pressure autoclave and preheated in a vacuum  ∼ 
100 Pa. Once the infiltration temperature of 1200 °C 
had  been  reached,  the  system  was  allowed  to 
thermally  equilibrate  for  roughly  30  min.  Fibre 
preforms were subsequently immersed into a graphite 
crucible  with  a  molten  matrix  metal.  The  crucible 
walls were preliminary coated with boron nitride in 
order  to  avoid  the  reaction  of  CuCr0.2  alloy  with 
graphite. Nitrogen gas pressure was applied up to 6.0 
MPa within 5 minutes. The infiltration with CuCr0.2 
alloy  was  relatively  easy  due  to  improved  wetting. 
Infiltration with pure Cu was quite tricky and a proper 
way of metal penetration had to be optimized. 
Structural  observations  on  as-received  samples 
and  annealed  to  600  °C  were  performed  with  light 
microscopy (LM – OLYMPUS GX51) and scanning 
electron  microscopy  (SEM  –  JEOL  JSM  5310). 
Chemical  compositions  were  analyzed  using  energy 
dispersive  X-ray  spectroscopy  (EDXS  –  KEVEX 
DELTA IV). For better identification of carbide layers 
the  samples  in  the  transversal  cross  sections  were 
etched with the solution containing 33 ml H2O, 33 ml 
H202 and 33 ml NH3 for 15 seconds. 
Composite samples with the dimensions 4 x 4 x 
10  mm
3  were  used  for  linear  thermal  expansion 
measurements in both longitudinal (L) and transversal 
(T)  directions.  Designation  L  and  T  corresponds  to 
fibre alignment direction with respect to longitudinal 
sample  axes.  Samples  were  subjected  to  three 
consequent  heating  and  cooling  cycles  at  the 
heating/cooling  rate  of  3  K/min  in  an  argon 
atmosphere  using  LINSEIS  L75VS  1600C 
dilatometer. Samples were cycled in the temperature 
range  30  °C  to  600  °C.  Each  thermal  cycle  started 
with the sample preheating at 30 °C for 30 minutes, 
followed by heating and subsequent cooling back to 
the room temperature. One hour rest time had been 
included before the next cycle started.  
Instantaneous CTE values were calculated from 
the  strain–temperature  curves  as  a function  of 
temperature  using  LINSEIS  TAWIN  software.  All 
CTEs were calculated in the temperature range 50 °C 
to  550  °C  in  order  to  eliminate  the  effect  of  non-Materials Engineering, Vol. 16, 2009, No. 3   
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steady state transient stages occurring at the beginning 
and at the end of heating and cooling periods. 
  
3. Results and discussion 
Structures of the Cu/K1100 and CuCr0.2/K1100 
composites as observed by light microscopy and SEM 
are presented in Figs. 1-4. The fibre volume fraction 
as determined via image analysis is approximately 55 
± 3 %. No large voids or poor infiltrated samples were 
observed. It can be seen that small voids are localized 
exclusively in points of contact of adjacent C fibres. 
Lager  voids  of  non-infiltrated  aggregated  fibres  are 
formed due to non wetting character of C-Cu system 
(Fig.  1).  Neither  the  relative  high  pressure  during 
infiltration is sufficient to metal penetrating between 
closely decumbent fibres. 
 
 
Fig. 1. Microstructure of Cu/K1100 composite 
 
 
Fig. 2. Microstructure of CuCr0.2/K1100 composite 
 
Fibre – matrix reaction was observed on fibre surfaces 
in the structure of deeply etched Cu-Cr composite as 
shown in Figs. 4b and 5. This was quite different from 
smooth fibres in Cu/K1100 composite. EDX analysis 
confirmed C and Cr in the reaction product indicating 
it  as  chromium  carbide.  However,  the  accuracy  of 
measurements  didn’t  allow  distinguishing  between 
particular  types  of  CrxCy  carbides.  Anyway  the 
carbide is brittle as confirm numerous cracks oriented 
in  perpendicular  direction  with  respect  to  fibre 
alignment. 
 
 
Fig. 3. SEM image of Cu/K1100 composite 
 
 
 
 
Fig. 4. SEM image of CuCr0.2/K1100 composite 
before (a) and after etching of surface (b) 
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Fig. 5. Fibre surface with discontinuous 
 chromium carbide layer 
 
The  structural  changes  of  surfaces  of  both 
composites after the heat treatment up to 600 °C are 
on Fig. 6a and Fig. 6b.The matrix overhangs above 
the original polished surfaces and fibres. This is more 
obvious  in  the  case  of  pure  Cu  matrix  in  Fig.  6a. 
CuCr0.2  matrix  appears  rather  in  small  spheres  as 
presented in Fig. 6b. However, no disintegration of 
samples was observed. 
 
 
 
 
Fig. 6. Cross-sections  of annealed of Cu/K1100 (a) 
and CuCr0.2/K1100 (b) composite at 600°C in 
direction perpendicular to fibre orientation.  
The  temperature  dependences  of  relative 
elongation of composites are presented in Figs. 6a and 
6b.  Large  differences  in  strains  were  recorded  in  L 
and T directions due to unidirectional orientation of 
fibres. Very small thermal expansions were recorded 
in  L  directions  for  both  composites  as  revealed  in 
Figs.  7a  and  7b.  On  the  other  hand  large  thermal 
expansions  were  measured  in  T  directions.  These 
results  closely  reflect  the  CTE  anisotropy  and 
unidirectional  orientation  of  C  fibres.  Distinct 
permanent  strain  was  recorded  in  T  direction  for 
CuCr0.2-K1100 composite.  
This  is  most  probably  caused  by  stronger 
interface  and  less  porosity  that  force  the  matrix  to 
flow predominantly in transversal direction. 
For the prediction of thermal expansion of two 
phase composites a large number of models have been 
developed. 
 
 
Fig. 7. Temperature dependences of relative 
strain of Cu/K1100 (a) and CuCr0.2/K1100 (b) 
composites  in L and T directions 
 
Schapery  [5]  has  derived  expressions  for  the 
longitudinal  and  transverse  effective  thermal 
expansion  coefficients  both  for  isotropic  and 
anisotropic composites consisting of isotropic phases, 
by  employing  extremum  principles  of  thermo-
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elasticity. As a result, for a unidirectional two phase 
composite,  the  thermal  expansion  coefficient  in  the 
longitudinal direction is 
   m m f f
m m m f f f
c
L V E V E
E V a E V a
a
. .
. . . .
+
+
=             (1) 
and  the  thermal  expansion  coefficient  in  the 
transverse direction is 
   ( ) ( )
c
L
c
LT
f f f m m m c
T V V α ν α ν α ν α . . 1 . . 1 . − + + + =     (2) 
where 
f α ,
m α  are  thermal expansion coefficients of 
the fibre and matrix respectively, V
f
 and V
m are the 
volumetric fractions of the fibre and the matrix. E
f, 
E
m  are  the  elastic  moduli  and 
f ν , 
m ν are  the 
Poisson’s  numbers of  fibre and  matrix respectively. 
c
LT ν  is the Poisson number of the  composite:  
  
f f m m c
LT V V . . ν ν ν + =        (3) 
The  Schapery’s  model  was  derived  for  composites 
with  isotropic  reinforcements  embedded  in  an 
isotropic  matrix.  However,  carbon  fibres  are  not 
isotropic.  In  equation  1  one  may  replace 
f α  with 
f
L α (axial  CTE  of  fibres)  and 
f E with 
f
L E (axial 
modulus  of  fibres).  For  the  prediction  of  the 
transverse CTE of composite in equation 2 
f α can be 
replace  by  transverse  CTE  of  fibre 
f
T α   and  also 
Poisson number 
f ν by
f
LT ν  without any mathematical 
derivation:    
    m m f f
L
m m m f
L
f f
L c
L V E V E
E V a E V a
a
. .
. . . .
+
+
=                 (4) 
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c
LT
f
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f
LT
f m m m c
T V V α ν α ν α ν α − + + + = . 1 . . 1    (5) 
 The  dilatation  changes  of  metal  matrix 
composites reinforced by carbon fibres are not linear 
and thus the CTE of composites is not constant value. 
The  main  influence  on  physical  CTE  (at  given 
temperature)  near  the  room  temperature  have  the 
stresses  caused  in  composite  during  cooling  from 
infiltration  to  room  temperature.  Also  the  CTE  of 
carbon fibres is not constant value [6].   
Nevertheless  the  CTE  values  calculated  using 
equations 3 and 4 and data from Tab. 1 for C fibres 
and  data  for  copper  (Fig.8)  are  in  good  agreement 
with experimental values (Figs. 9a,b). In transversal 
direction the CTEs of both composites are higher than 
that of pure copper (16.5 x10
-6K
-1). 
 
Fig. 8. Temperature dependences of CTEs of Cu-
matrix/K1100 composite in L and T directions 
calculated using Schapery’s equations 
 
 
 
Fig. 9. Temperature dependences of CTEs of 
Cu/K1100 (a) and CuCr0.2/K1100 (b) composites  in 
L and T directions. 
 
4. Conclusions 
The  influence  of  Cr  on  structure  and  thermal 
expansion  of  copper  matrix  composites  reinforced 
with  unidirectionally  aligned  continuous  high 
modulus  C  fibres  was  studied  in  this  work.  The 
addition of 0.2 wt. % of Cr has improved the wetting Materials Engineering, Vol. 16, 2009, No. 3 
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of  carbon  fibres  due  to  the  chemical  reaction  with 
carbon fibres.  
The  lack  of  wetting  made  the  infiltration  in  the 
Cu/K1100  system  quite  a  difficult  task.  The 
composite structure exhibited larger voids and weak 
interfacial bonding. 
Only slight effect of Cr on the thermal expansion 
of copper based composites reinforced with densely 
packed  unidirectionally  aligned  continuous  high 
modulus C fibres was observed.  
CTEs  values  of  composites  calculated  using 
Schapery’s  equations  and  experimental  data  are  in 
good agreement with experimental values. 
Acknowledgements 
The authors gratefully acknowledge the financial 
support  of  the  Slovak  Grant  Agencies  under  the 
contracts VEGA 2/7173/27.   
References 
[1]  C. Zweben: Adv. Mater. Proc., 163, 2005, 33-40. 
[2]  G. Marsh: Mater. Today 6, (5) 2003, 28-33. 
[3]  L. Weber, R. Tavanger: Scripta Mater 57, 2007, 988-
991. 
[4]  J. Thaw, J. Zemany, C. Zweben:  Electronic Packaging 
and Production, August 1987, 27-29. 
[5]  R.A. Schapery.: J. Compos. Mater. 2, 1968 , 380-404. 
[6]  C. Pradere, C. Sauder: Carbon 46, 2008, 1874-1884. 
 
 
 